Abstract. The repair of cytochrome oxidase depletion during the treatment of copper deficiency was studied in the rat. The purpose of this study was to distinguish the role of new cell production from the possibly more specific role of mitochondrial turnover in determining the rate of this repair.
Introduction
The clinical management of nutritional deficiency states is guided largely by the anticipated response to an improved diet. Responsiveness to dietary pacity for repair is the rate at which certain tissues can grow or replace themselves by the production of new cells. An example is the deficiency of hemoglobin that results from iron deprivation. The repair of this deficiency occurs only with the production of newly differentiating, normal erythrocytes and is not possible in the previously hemoglobin-depleted, mature cells (2) (3) (4) (5) . Similarly, the repair of intestinal cytochrome c depletion during treatment of iron deficiency appears to be limited by the rate of production of new mucosal cells (6, 7) . Since cytochrome c is an integral component of normal mitochondria it is possible that its replacement is more specifically dependent upon production of new mitochondrial material than upon the differentiation of newly produced cells. These possibilities could not be distinguished in the iron-deficient rat because of the very rapid rate of renewal of intestinal mucosal cells. Furthermore, the interpretation of rates of repair in other cytochrome deficient tissues was complicated by marked growth retardation in the depleted animals and by a very rapid rate of "catch-up" growth after initiation of iron supplementation (6) . This problem is largely circumvented in the copper-deficient rat since a profound deficiency in mitochondrial cytochrome oxidase is readily produced in many tissues with only minor depression of body growth. In the present study we attempt to distinguish the role of production of new differentiating cells from the possibly more specific role of mitochondrial turnover in determining the rate of replacement of cytochrome oxidase during the treatment of copper deficiency. Our results suggest that accretion of new mitochondrial material could determine the rate of restitution of this copper-containing heme protein.
Methods
Male rats of the Wistar strain were placed on a low copper regimen as follows. Mothers with only the males of their litters were provided 10 days after birth with a diet, containing 0.39 ppm copper, that consisted of dried, partially skimmed milk (Dryco-Borden, Borden Co., New York, N. Y.) supplemented with a vitamin and mineral formula (8) . Because nursing rats start to nibble at the diet intended for their mother after about 15 days of age, when their eyes begin to open, initiation of the deficient dietary regimen before weaning was required for prompt production of copper deficiency. The rats were weaned at 21 days of age and assigned to deficient and control groups. Distilled water was provided ad lib. to the deficient animals. Control rats were placed on the same diet and in addition received 10 mg of copper as cupric acetate per liter of drinking water, approximately the amount of copper ingested by rats on a commercial stock diet (9) . The groups of deficient animals were maintained on the copper-poor diet until they were 55-70 days old. Repletion of these rats was accomplished by providing them with 10 mg of copper per liter of drinking water, after an initial dose of 0.5 mg of copper by gastric tube.
Rats were killed by decapitation and the tissues to be studied were immediately removed. Cytochrome oxidase activity in tissue homogenates was estimated by determining the rate of oxidation of reduced cytochrome c spectrophotometrically, as described by Cooperstein and Lazarow (10) . The low cytochrome oxidase activity of copper deficient tissues could not be altered by the presence of 10' M cupric sulfate in the final reaction mixture. This concentration of copper is the highest that could be derived from normal tissue (9) .
Cytochrome-oxidase was histochemically localized in sections of upper jejunum by the method of Burstone (11) under the conditions previously described (6) . Since the intensity of staining is a function of both cytochrome c and cytochrome oxidase (11), we will refer to the activity observed histochemically as "cytochrome-oxidase."
Cytochrome c was determined by the method of Rosenthal and Drabkin (12) with minor modifications previously described (13) . The copper content of the liver was determined by the method of Brown and Hemingway (14) . Venous hemoglobin was measured as cyanmethemoglobin (15) . Protein was determined by the method of Lowry et al. (16) .
Rates of incorporation of tritiated thymidine into DNA were determined as follows. An intracardiac injection of 1 ,c of thymidine-'H (15 c/mmole) per g of body weight was given between 8 and 10 a.m. The rats were killed 2 hr later and tissues were removed immediately. Nucleic acids were extracted from tissue homogenates by the method of Schneider (17) and 0.5 ml aliquots of the extract were added to scintillation vials containing 15 ml of Bray's medium (18) . Radioactivity was measured with 12% efficiency in a Packard Tri-Carb scintillation counter (Packard Instrument Co., Inc., Downers Grove, Ill.). An internal standard was utilized to correct for quenching. DNA was determined by the method of Dische (19) .
The relative amounts of various cytochromes present in mitochondria were estimated as follows. Heart muscle was finely minced and then homogenized in 9 parts (w/v) of 0.25 M sucrose, first in a ground glass homogenizer to break up larger particles of tissue and then in a glass homogenizer with a Teflon pestle. The twice-washed mitochondrial fraction, prepared in 0.25 M sucrose by differential centrifugation as described by Schneider (20) , contained 40-50%o of the cytochrome oxidase activity present in the whole homogenate. The mitochondrial pellet was solubilized in 1 ml of 2% deoxycholate. The (24) . In the present study, the deficiency was most marked in liver, jejunum, heart, and the quadratus lumborum muscle. As in previous studies, brain and kidney (23, 24) were partially or entirely spared. It is of interest that both in copper-deficient yeast and in copper-deficient rat liver only the heme portion of the cytochrome oxidase molecule appears to be depleted; the inactive apoprotein is present in nearly normal amounts. ' Specificity of cytochrome oxidase deficiency resulting from copper depletion. Tissues severely deficient in cytochrome oxidase showed no depression in cytochrome c concentration, a finding consistent with previous observations. In the present study, the cytochrome c concentration in heart muscle in four copper-deficient animals was 296 8 initiation of copper treatment. At each of these times, litter mate control animals were also studied. The response of cytochrome oxidase activity to copper treatment in intestinal mucosa, liver, skeletal muscle, and heart is shown in Fig. 2 . In intestinal mucosa, the repair of cytochrome oxidase activity is almost complete by 2 days. In liver and skeletal muscle, repair is complete between 10 and 15 days, while in heart muscle, control values seem to be approached more slowly.
Liver copper was assayed during the course of repletion in order to determine how rapidly copper stores were replenished. As shown in Fig. 3 of the jejunal mucosa. These studies permitted us to localize early repair of "cytochrome-oxidase" in the newly differentiating cells at the base of the villus, as was previously observed during the repair of cytochrome c after iron deficiency (6). In the normal animal the mucosal cells are intensely dyed by the blue-black "cytochrome-oxidase" stain (6, 11) . Under high magnification the stain is granular and corresponds to the mitochondrial localization of cytochrome oxidase. In the copper-deficient rats, the intensity of staining was markedly decreased. Fig. 4 shows a section of jejunum from a deficient rat 24 hr after initiation of copper treatment. The newly-produced cells lining the lower portion of the villi show the intense "cytochrome-oxidase" staining characteristic of the control animals. Cells lining the tips of the villi, which presumably had differentiated during the period of deficiency, retain the pale appearance observed in the untreated rats. In the jejunal mucosa, therefore, the rate of "cytochromeoxidase" repair appears limited by the rate of production of new cells. However, since the entire population of mature mucosal cells is renewed every 2 days (25), many cell components must of necessity be produced as a function of the rate of cell differentiation and be destroyed with the death of cell. It is therefore difficult in this tissue, because of its rapid turnover, to distinguish the role of mitochondrial production from that of cell differentiation in the regulation of cytochrome oxidase repair.
Heart muscle. Interpretation of the rate of repair of cardiac cytochrome oxidase depletion, expressed on a tissue weight basis, was complicated by the marked cardiac hypertrophy consistently observed in the copper-deficient rats. This hypertrophy regressed within 20 days of copper treatment, as shown in Fig. 5 . A further complicating factor was the normal developmental change in cardiac cytochrome oxidase activity during the period of the experiment (Fig. 2) . To partially circumvent these problems, we determined cytochrome oxidase more directly, utilizing its characteristic cc absorption peak at 605 miu (26) . This method permits the use of the other cytochromes as a reference, and also has the advantage of reflecting cytochrome oxidase concentration rather than activity. The solubilized heart mitochondria from copper-deficient animals yielded a clear red solution that, after reduction, lacked a distinct cytochrome oxidase peak (Fig. 6 ). Control samples were distinctly more green and had a high cc ab- Fig. 6 for the of initiation of sake of clarity. As previously suggested by the data in Table I and Fig. 2 muscle is complete after 10-15 days of copper treatment. If this repair were restricted to newly produced cells, an entirely new cell population would have to be generated within this period. In the normal rat, however, the rate of cell replication in these tissues (25, 27) could account for only a small fraction of the repair observed. DNA production in liver and muscle is normally slow in rats between 2 and 3 months of age, and growth during this period is due more to increase in cell size than to cell multiplication (28) . If this is also the case in the copper-deficient animal, then cytochrome oxidase repair must occur in other than newly produced cells. However, a marked acceleration of the normal rate of cell production during copper repletion could not be excluded. This possibility was suggested by the accelerated production of red cell precursors, reflected in a reticulocytosis, that occurs during recovery from a variety of nutritional deficiency states. We therefore investigated the possibility of a similar phenomenon occurring in solid tissues, utilizing the rate of incorporation of tritiated thymidine into DNA as an estimate of the rate of production of new cells. Although it is difficult to derive absolute rates of cell synthesis by this method, relative rates of DNA synthesis in two groups of animals can be compared. Untreated copper-deficient rats and deficient animals treated with copper for 8 days were compared with litter mate controls. The 8 day repletion point was selected from Fig.  2 as representative of a period of rapid cytochrome oxidase repair. Jejunal mucosa was studied in addition to liver and skeletal muscle as shown in Fig. 7 . The upper half of the figure shows no marked differences in rates of new cell production between copper-deficient and control animals as indicated by incorporation of tritiated thymidine. The lower half of the figure also shows no significant difference in DNA synthesis between deficient animals treated with copper and the controls. Smaller groups of animals studied 2, 4, 6, and 12 days after copper repletion also failed to indicate any major change in rate of DNA synthesis. The additional observation that DNA content per gram of weight in each tissue studied was be complete until these mitochondrial constituents within a tissue had been completely renewed. The period required for complete repair would then be similar to the turnover time of other mitochondrial components. If, however, reconstitution of cytochrome oxidase were possible within preexisting mitochondrial units, normal enzyme values might be attained far more rapidly. It is therefore pertinent to compare the rate of cytochrome oxidase repair to the available estimates of "mitochondrial life-span" obtained after pulse labeling with radioactive precursors. In rat liver mitochondria, immediately after an initial peak there is a strikingly similar rate decline in the specific activities of cytochrome c, (29) , two protein fractions (29, 30) , lecithin (30) , and total lipid (29, 30) . The estimated half-life of these mitochondrial components is about 6-8 days during the 2 wk after isotope administration (30) and 9-10 days during the subsequent 2 wk period (29, 30) . Recycling of isotope is cited as a likely source of error in both studies and lends greater weight to the first figure. Neubert, Bass, and Helge (31) estimate a similar half-life of 8-9 days for the DNA in rat liver mitochondria. The parallel rates of decay in all mitochondrial components studied suggest that the rates of synthesis and degradation of these components are interdependent. Furthermore, a comparison of mitochondrial and nuclear DNA turnovers indicates a much shorter lifespan for liver mitochondria than for the liver cell itself (31) .
At present, no clear description of mitochondrial growth, division, and death has emerged. But, there is increasing evidence that mitochondrial DNA plays a role in the replication of these organelles (32) . However, it also appears that only a relatively small proportion of mitochondrial protein, largely the nonpolar fraction, is actually synthesized within mitochondria (33) (34) (35) . Other proteins, particularly the soluble enzymes and perhaps also cytochrome oxidase, appear to be synthesized in the microsomal fraction, presumably under nuclear control.
Although a detailed description of the cellular events leading to cytochrome oxidase production and repair is not yet possible, the present study suggests a relationship between the rate of this repair and the rate of production of other mitochondrial constituents. Neuberger and Richards (5) have suggested that protein turnover may be estimated during treatment of deficiency states from the period required for a depleted protein to be restored to its normal concentration. According to the calculation of Segal and Kim (36) , the half-life of such a protein is equivalent to the period between the termination of the initial deficient steady-state concentration by treatment and the time when that concentration is halfway towards its new steady state. The cytochrome oxidase half-life in the liver derived from the rate of repair shown in Fig. 2 is about 6 days, or approximately 7-8 days if corrected for growth on the basis of increment in body weight. The close correspondence of this estimate of turnover with that of other mitochondrial components is consistent with the hypothesis that the rate of repair of the enzyme deficiency is determined in part by the rate of synthesis of new mitochondrial material. Cytochrome oxidase-deficient cells could then be considered as undergoing repair as other mitochondrial constituents are being renewed. The confirmation of this hypothesis requires a demonstration of interdependence between early cytochrome oxidase repair and other newly produced mitochondrial components.
